Several species of mycoplasmas rely on an unknown mechanism to glide across solid surfaces in the direction of a membrane protrusion at the cell pole. Our recent studies on the fastest species, Mycoplasma mobile, suggested that a 349-kDa protein, Gli349, localized at the base of the membrane protrusion called the neck, forms legs that stick out from the neck and propel the cell by repeatedly binding to and releasing from a solid surface, based on the energy of ATP hydrolysis. Here, the Gli349 protein was isolated from mycoplasma cells and its structure was analyzed. Gel filtration analysis showed that the isolated Gli349 protein is monomeric. Rotary shadowing electron microscopy revealed that the molecular structure resembles the symbol for an eighth note in music. It contains an oval foot 14 nm long in axis. From this foot extend three rods in tandem of 43, 20, and 20 nm, in that order. The hinge connecting the first and second rods is flexible, while the next hinge has a distinct preference in its angle, near 90 degrees. Molecular images revealed that a monoclonal antibody that can bind to the position at one-third of the total peptide length from the N terminus bound to a position two-thirds from the foot end, suggesting that the foot corresponds to the C-terminal region. The amino acid sequence was assigned to the molecular image, and the topology of the molecule in the gliding machinery is discussed.
Mycoplasmas are commensal and occasionally parasitic bacteria that have small genomes and lack a peptidoglycan layer (19) . Several Mycoplasma species form membrane protrusions, such as the head-like structure in Mycoplasma mobile and the attachment organelle in Mycoplasma pneumoniae (11, 14, 21, 23, 25) . On solid surfaces, these species exhibit gliding motility in the direction of the protrusion; this motility is believed to be involved in the pathogenicity of mycoplasmas (3, 10, 14) . Interestingly, mycoplasmas have no surface flagella or pili, and their genomes contain no known genes related to bacterial motility. In addition, no homologs of motor proteins that are common in eukaryotic motility have been found (8, 14) .
M. mobile, isolated from the gills of a freshwater fish in the early 1980s, is the fastest-gliding mycoplasma. It glides smoothly and continuously on glass at an average speed of 2.0 to 4.5 m/s, or three to seven times the length of the cell per s, exerting a force of up to 27 pN (6, 16, 17, 20) . Recently, three huge proteins-Gli123 (123 kDa), Gli349 (349 kDa), and Gli521 (521 kDa)-were found to be clustered at the neck; they are responsible for the positioning of other gliding proteins, binding to glass during gliding, and generating and/or transmitting force, respectively (12, 24, 26, 28) .
Rapid-freeze and freeze fracture rotary shadowing electron microscopy (EM) revealed that many spike-like structures 50 nm in length stick out around the neck and bind to the glass surface with their distal ends (15) . The spike seems to be composed of a Gli349 molecule and to function as a leg in the gliding mechanism. Analyses of a Triton model, designated the "ghost," where the cell membrane is permeabilized and intracellular reactions can be manipulated externally, demonstrated that the gliding mechanism is driven by the energy of ATP (7, 27) . These observations led us to assume that cells are propelled by spikes composed of Gli349 that repeatedly bind to and release from the glass, driven by the force exerted from or through the Gli521 molecule, based on the energy of ATP hydrolysis (4, 14, 24, 26) . This putative mechanism may be applied to M. pneumoniae, although protein P1, responsible for glass binding, does not share a primary structure with Gli349 of M. mobile, because a monoclonal antibody against P1 affects the gliding of M. pneumoniae in a very similar way to an antibody against Gli349 on M. mobile gliding (9, 22) .
To obtain more concrete images of the gliding mechanism, it is critical to know the structure of the Gli349 protein of M. mobile. Detailed analyses of the amino acid sequence revealed that about 60% of the length of the Gli349 molecule is composed of 18 repeats, each consisting of about 100 amino acid residues (13) . However, neither all nor part of the molecular shape can be predicted, because the amino acid sequence of Gli349 does not show significant similarity to those of proteins other than the ortholog found in Mycoplasma pulmonis, a gliding species closely related to M. mobile. Therefore, experimental analyses are essential in order to understand the structure of Gli349. In the present study, we isolated the Gli349 protein, observed its molecular shape by
RESULTS
Isolation of Gli349. Our previous observations, listed below, suggest that the Gli349 molecule is mostly outside of and anchored to the membrane (12, 13, 26) . (i) The Gli349 molecule is predicted to have a transmembrane segment at its Nterminal region, based on its amino acid sequence. (ii) A monoclonal antibody can label the Gli349 molecule and inhibit its function from outside the cell. (iii) The treatment of mycoplasma cells with 1% Triton X-100 solubilized 60% of Gli349 from the cells, leaving many proteins insoluble. This assumption leads us to the idea that treatment of cells with a detergent may release the molecules specifically from the cells.
We isolated the Gli349 protein using the four-step procedure presented in Fig. 1 . In step 1 the collected cells suspended in buffer were treated with 1% Triton X-100 to solubilize Gli349, followed by the removal of insoluble fractions by ultracentrifugation. In step 2 the fraction including Gli349 was applied to stepwise ammonium sulfate fractionation at 30% and 35% saturation in the presence of Triton X-100. The fraction at 35% saturation was dissolved and applied to the following steps. Gli349 was found also in the fractions at 40% saturation. However, this fraction was not used, because it contained a significant amount of another protein, MvspI, which is not easy to remove by the following procedures.
In step 3 the ammonium sulfate precipitate was dissolved and dialyzed by a buffer of pH 5.9. With this pH shift, 35% of the protein formed an insoluble fraction. This insoluble fraction, which did not include Gli349, was removed by centrifugation. In step 4 the soluble fraction including Gli349 was applied to a column of Q Sepharose, a weak anion exchanger, and eluted with a 0 to 1 M NaCl gradient. Gli349 was found at around 0.15 M NaCl, and the eluate was used for the following experiments. This fraction did not show any other major bands in the gel image of SDS-PAGE even when stained by the reverse-staining method, in which the sensitivity was 10 times that of Coomassie brilliant blue (5) . A few contaminating protein bands were found when the eluate was concentrated 10-fold. The homogeneity of the final fraction was estimated as 92.7% from densitometry. Finally, 70 g of Gli349 was obtained from 1 liter of mycoplasma culture. Assuming that a cell contains 450 molecules of Gli349 (26), the purification yield was calculated to be about 40%.
Molecular weight of isolated Gli349. To examine the possibility of self-assembly, the isolated Gli349 protein was applied to a gel filtration assay (Fig. 2) . The elution pattern showed a single peak, and its molecular mass was calculated as 354 kDa based on the retention time. We concluded that the isolated Gli349 is in a monomer state.
Shape and dimensions of Gli349. The purified Gli349 protein was rotary shadowed and observed by transmission EM (Fig. 3) . Rod-shaped particles were found to have total lengths of from 18.9 to 124.4 nm. These structures were found basically in all fields of a grid, and the frequency of their appearance changed in correspondence with the concentration of Gli349 protein used. These facts suggest that the rod-shaped particles reveal the shape of the Gli349 molecule. Almost all particles had a dense oval part, which we called a foot, at the end of the pole.
The molecular images were categorized into four types ( Fig.  3B) , based on the number of bends. Types I and II had two bends and one bend, respectively, while types III and IV had none. Types III and IV featured linear and curved structures, respectively. Some parts of the type IV images looked similar to those of type II but did not show a distinct bend. The most popular type, I, looked like the symbol for an eighth note in music.
We obtained 494 particle images and analyzed their dimensions and angles, as summarized in Table 1 and Fig. 4 and 5. Types I, II, and III appeared with similar frequencies-29%, 28%, and 26%, respectively-while type IV appeared with lower frequency, 17%. The other 46 particles were not classified into types.
The type I images consisted of a foot at one end and three rods connected by two hinges, as shown by the illustration in Fig. 3B . The rods and hinges were numbered from the foot side. The angles around the first hinge of the type I images, 1 , ranged from Ϫ76 to 161 degrees (Fig. 5A ). Multiple Gaussian peak fitting showed that the distribution has moderate preferences at around Ϫ52 and 63 degrees (data not shown). On the other hand, the angle around the second hinge, 2 , was fitted by a single Gaussian distribution and nearly constant at 92.3 Ϯ 18.2 degrees. No significant relationship was found between these two angles (Fig. 5B) . Type II images consisted of a foot at one end and two rods connected by a hinge. The features were numbered from the distal end of the foot, as with type I. The angle around the hinge, , ranged from 34 to 153 degrees (Fig. 5C ). Distinct preferences could not be found even by multiple Gaussian peak fitting (data not shown). The total lengths of type III images, featuring a linear appearance and no hinge, were distributed from 18.9 to 112.2 nm and varied much more widely than the lengths of the other types (Fig. 4) . The total lengths of type IV varied less than those of type III, although both types featured an absence of bending. Gli349 bound by MAb7. To learn the relationship between the molecular shape of Gli349 and the amino acid sequence, we examined the binding position of a monoclonal antibody, MAb7 (12, 26) . MAb7 binds to an epitope localizing in a region comprising amino acids 1193 to 1203 of the 3,183 amino acids in the Gli349 molecule. Gli349 was mixed with MAb7 at the same molar ratio, rotary shadowed, and observed by transmission EM (Fig. 6 ). Gli349 molecules were found to be bound by a globular particle, MAb7, at similar positions in most molecules. This observation again confirmed the identity between Gli349 and the particle images discussed so far.
As the foot was easily recognized, we examined the binding positions of MAb7 on the Gli349 molecule (Fig. 7) . The average length of the molecule was 104.1 Ϯ 10.0 nm and the length from the foot to MAb7 was 70.8 Ϯ 7. a The molecular images were categorized into four types, based on the number of bends: types I, II, III, and IV had two, one, no, and no bends, respectively. Types III and IV featured linear and curved structures, respectively.
b Classification was done for 494 particle images; 448 images were classified into the four types, while the other 46 were not.
c Data are averages Ϯ standard deviations.
tion was calculated to be 68.2 Ϯ 7.2% from the foot end. In this analysis, only molecular images longer than 75 nm were used so as to exclude data from folded molecules. The epitope was calculated to be positioned at 0.372 from the N terminus of the total amino acids. Considering this position, the present results show that the foot end corresponds to the C terminus of the amino acid sequence.
DISCUSSION
Features of Gli349 suggested from the isolation process. We tried treating cells with various concentrations of Triton X-100 to optimize the conditions for step 1. Triton X-100 at concentrations higher than 0.075% solubilized Gli349 but the lower ones did not, consistent with the previous observation that treatment of cells with 0.01% Triton X-100 left the gliding machinery capable of reactivation by ATP (27) .
In step 2, we found Gli349 in fractions of both 35% and 40% saturation with ammonium sulfate and used the 35% saturation fraction for further studies. To examine the differences between Gli349 proteins from these two fractions, we analyzed the 40% saturation fraction by gel filtration. Gli349 protein was eluted at the same retention time as that of Gli349 from the final fraction presented in Fig. 2 (data not shown) . We partially purified Gli349 from the fraction at 40% ammonium sulfate saturation by applying steps 3 and 4 and observed the fraction under EM. The major portion of the images appeared very similar to the images obtained for Gli349 purified from the 35% saturation fraction (data not shown). These observations suggest that the appearance of Gli349 at both 35% and 40% ammonium sulfate saturation was not caused by the heterogeneity of Gli349 by partial association with other proteins, but by the intrinsic character of the molecule. The wide variety of shapes observed by EM may support this explanation.
Shape of the Gli349 molecule. The images of Gli349 molecules were classified into four types. Assuming that the type I images show most of the molecule's features, the relationships among the types can be portrayed as in Fig. 8 , based on the positions of the features and the total lengths (Fig. 4) . A foot was observed at one end of each type, showing that all types shared the same structure. The positions of the first hinges in the type I images overlapped for the most part with those of the first hinges in the type II images, suggesting that the first hinges share an identical structure between types I and II.
The distribution of the total length of type II mostly overlapped the combined positions of the second hinge and the total length in type I images. These results can be explained by the relationship between types I and II presented in Fig. 8 . The type III and IV images did not have any hinges. The type III images were linear and varied widely in length from 18.9 to 112.2 nm. These features may suggest that molecules folded in various patterns at the hinges present this type of appearance. The observation that the shorter images tended to be thicker supports this assumption (Fig. 3B) . If this assumption is correct, the angle presented as 2 in the type I images should be 0 or 180 degrees, unlike the preference found in the type I images, which was about 90 degrees. We did not find any peaks in the distribution of the total length of the type III images, which suggests certain hinges were folded. This failure to find any peaks may have been caused by the variations in molecular length, including occasional fragmentation resulting from the force generated by the spraying and evaporation of the buffer in rotary shadowing. The failure may also have resulted from the rather low resolution of this method. Type IV images, like those of type III, do not have any bends. However, their lengths showed a preferred distribution around 86 nm, like the type II images. These observations suggest that type IV images may be variants of type II, even though their hinges cannot be detected clearly.
Assignment of amino acid sequences to molecular images. Previously, the amino acid sequence of Gli349 was analyzed with its plausible ortholog, MYPU2110 of M. pulmonis (13) . A search of the sequences by using the hidden Markov model revealed that the Gli349 sequence and MYPU2110 have 18 and 22 repeats, respectively, featuring the YXXXXXGF motif and the consensus secondary structure ␤␤␤␣ (Fig. 9A) . As repeat sequences in general are likely to form rod structures, the amino acid sequence of Gli349 may be assigned to the type I images, based on the following observations. (i) The foot and the third rod correspond to the C-terminal and N-terminal domains, respectively. (ii) A transmembrane segment is predicted near the N terminus. (iii) Although the repeats cannot be detected in the region between repeats A and E using the hidden Markov model in Gli349, three repeats were found in the corresponding region of MYPU2110 of M. pulmonis, suggesting that this region of Gli349 has characteristics similar to those in the repeat regions. (iv) If the repeats tend to form a rod, the nonrepeated parts should be assigned as hinges. (v) The epitope of MAb7 lies in the region comprising the 1,193rd to 1,203rd amino acid on the N-terminal side of the gap region between repeats I and J. We assigned the amino acid sequence on the type I image as presented in Fig. 9B , with which all the observations listed above are consistent.
Quick-freeze and fracture EM of gliding mycoplasmas revealed that many spike-like structures 50 nm long stick out from the cell membrane and bind to the glass surface with their distal ends (15) . The spike is likely to be composed of a Gli349 molecule, based on the following facts (12, 15, 18, 26, 28) . (i) The subcellular localization of the spike at the protrusion's base (called the neck) agrees with that of Gli349. (ii) The spikes cannot be found in a mutant in which Gli349 is not localized normally. (iii) A spike's appearance suggests its role in binding to a glass surface during gliding. The rod shape and dimensions of the Gli349 images shown in the present study also support this assumption. The spike-like structure of 50 nm may correspond to 43 nm, which is the length of the first rod of the type I images, or to 56 nm, the sum of the lengths of the foot and the first rod of the images. Considering that the Gli349 molecule has a transmembrane segment near the N terminus, the molecule is likely to be embedded in the gliding apparatus, as presented in Fig. 9B . Conformational change of the Gli349 molecule in a putative mechanical cycle. In previous studies, we showed that MAb7 binds to Gli349 of gliding mycoplasmas, reduces the gliding speed, and then displaces the gliding mycoplasmas from the glass surface (12, 26) . These observations can be explained by the assumption that the gliding mechanism involves a conformational change of the Gli349 molecule that is responsible for glass binding. To explain the observations obtained so far, we proposed a putative mechanical cycle in which Gli349 moved by or through Gli521 propels the cell by repeating five steps: (i) initial binding to glass, (ii) tight binding to glass, (iii) stroke, (iv) release from glass, and (v) return (14, 24, 26) . In the present study, we found that the hinges presented as the first hinges in the type I images are flexible and that the second ones may move among three states represented by angles of 0, 90, and 180 degrees. The variations in molecular images may reflect the conformational changes involved in the mechanical cycle of the gliding mechanism.
MAb7 slows the gliding of M. mobile and finally displaces the cells from the solid surface (12, 26) . How does MAb7 cause this? Here, MAb7 was found to bind close to the flexible hinge. Presumably, the binding of MAb7 inhibits the normal conformational changes of Gli349 that are essential for the mechanical cycle, slowing the molecule and causing its detachment from the glass. The Gli349 molecules appeared stiffer when they were bound with MAb7 ( Fig. 3 and 6 ). This observation may support the above assumption.
So far, we have drawn the Gli349 molecule as a rigid leg-like structure (14, 24, 26) , because the spike appeared rigid in freeze-fracture EM (15) . However, the Gli349 molecules shown here appeared more flexible. Gli349 molecules supported by other components of gliding machinery may form more rigid structures. Alternatively, only molecules at the stage of being rigid in appearance can be visualized by rapid-freeze-and-fracture EM, because a very short moment is fixed and visualized by this fascinating method.
In the present study, we clarified the molecular shape of Gli349, the leg protein involved in the gliding motility of M. mobile, and assigned its amino acid sequence to the image. This information should provide a crucial clue toward elucidating this novel and mysterious biomotility system, although detailed structures of the molecule may be needed to make the story complete. 
